attachments play in chromosome segregation, it is important to understand how the kinetochore is regulated. Ctf19 complex, and a 3 subunit Ipl1 complex (see Figure  1A) . In addition to facilitating our analysis of kinetochore phospho-regulation (see below), these purifications pro-4 Correspondence:
Ctf19 complex, and a 3 subunit Ipl1 complex (see Figure  1A ). In addition to facilitating our analysis of kinetochore phospho-regulation (see below), these purifications pro- vided valuable insights into the molecular composition 34ЊC based on growth and viability, they were temperature sensitive at 37ЊC. Dad3-GFP and Dad4-GFP cells and structural organization of the budding yeast kinetochore.
shifted to the restrictive temperature arrested with large buds, a short mitotic spindle, and a single mass of DNA Two Additional Subunits of the Dam1 Complex We and others have previously purified a multisubunit ( Figure 2C) , similar to what we have described for duo1-2, dam1-9, and dad1-1 mutants ( Figure 3A ). Using a similar procedure, we that we had purified are direct targets for Ipl1p, we sites in Ipl1p ( Figure 3A ). Since GST-Ipl1p was purified from E. coli and was the only kinase present in this sample, the phosphorylation sites mapped in Ipl1p most likely represent autophosphorylation. Autophosphorylation of T260 in Ipl1p does appear to be important for Ipl1p function since it was demonstrated previously that ipl1 (T260A) mutants are temperature sensitive (Francisco et al., 1994). In addition, the equivalent residue in human Aurora A kinase is known to be phosphorylated in vivo (Walter et al., 2000) . The identification of these Ipl1p phosphorylation sites has allowed us to determine a putative consensus phosphorylation site for an Aurora kinase ({RK}ϫ{TS}{ILV}; see Figure 3C ). This consensus site should prove useful for predictions of Ipl1p phosphorylation sites in other proteins.
The Dam1 Complex Is a Crucial Downstream Target of Ipl1p
To analyze the function of the 18 phosphorylation sites identified above, we systematically mutated the target residues individually and in combinations to alanine (to prevent them from being phosphorylated) and to aspartate (to mimic the phosphorylated state). While this analysis indicated that no single phosphorylation site was essential for mitotic growth, it did reveal key roles for the phosphorylation of Dam1p. A complete analysis of the role that phosphorylation plays in the function of the Ndc80 and Ipl1 complexes will be described elsewhere.
The effects of the mutated phosphorylation sites in mise Dam1 complex function. Mass spectrometry of the Dam1 complex phosphorylated in vitro indicated that six sites were likely in vivo sought to compare the in vivo phosphorylation sites we had mapped with sites directly phosphorylated by Ipl1p targets for the Ipl1p protein kinase (see Figure 3C) . To confirm this, we first tested whether mutation of these in vitro. The Dam1 complex was first treated with lambda phosphatase and was then phosphorylated in vitro with residues affected the in vivo phosphorylation state. We have previously demonstrated that Dam1p phosphory-ATP and GST-Ip1p as described above. When the phosphorylation sites in this sample were mapped by mass lation in vivo results in an Ipl1p-dependent mobility shift on an SDS-PAGE gel (Kang et al., 2001 ). Therefore, muspectrometry, we found phosphorylation sites for Ipl1p in Dam1p, Ask1p, and Spc34p that were identical to a tation of Ipl1p phosphorylation sites to alanine should also eliminate the slowly migrating forms of Dam1p. In subset of the sites identified in vivo ( Figure 3A) . Interestingly, while six in vivo phosphorylation sites were identifact, we found that while mutation of individual phosphorylation sites did not eliminate the slowly migrating fied in Ask1p, only a single phosphorylation site was identified as a target of Ipl1p in vitro. In the course of forms of Dam1p, dam1 (S20A S292A) and dam1 (S20A S257A S265A) did eliminate them in a manner that was this analysis, we also identified two phosphorylation consensus phosphorylation sequence (see Figure 3C) . Examination of dam1 (S20A), dam1 (S292A), and dam1 (S20A S292A) mobility on a Western blot strongly implicates residue S292 as a phosphorylation site, since mutating S292 in a dam1 (S20A) background eliminates the slow mobility forms of Dam1p.
We next tested these mutants for genetic interactions with the temperature-sensitive ipl1-2 mutant. Since ipl1-2 is slightly compromised for Ipl1p activity even at the permissive temperature (Kang et al., 2001) , we expected mutations that abolish an Ipl1p phosphorylation site (S to A) to interact negatively with ipl1-2. Indeed, we found that spc34 (T199A) and many combinations of dam1 (S to A) mutants were synthetic sick or lethal in combination with ipl1-2 at 25ЊC ( Figure 4A) . If Dam1p is a key downstream target of Ipl1p, a second prediction is that phosphorylation sites mutated to mimic constitutive phosphorylation (S to D) would be able to suppress ipl1-2 mutants. This also proved to be the case ( Figure  4C ). However, dam1 (S to D) mutants were able to suppress ipl1-2 at 34ЊC, but not at 37ЊC, possibly because other Ipl1p targets exist, because the S to D mutations do not perfectly mimic the phosphorylated state, or because cycles of Dam1p phosphorylation and dephosphorylation are required for optimal activity. To further explore these possibilities, we also tested for genetic interactions with GLC7, which encodes a protein phos- (Figure 4A ), we found that dam1 (S20A S292A) and dam1 (S257A S265A S292A) showed synthetic temperature-sensitive lethality in combination indistinguishable from ipl1-2 mutants ( Figure 4B ). In addition, while our mass spectrometric analysis did not with spc34 (T199A), allowing us to examine the conditional mutant phenotype associated with these phosidentify S292 as a phosphorylation site, this residue was predicted as an Ipl1p phosphorylation site based on our phorylation sites. When these double mutants were shifted to the restrictive temperature (37ЊC), we found mutants, the frequency of chromosome missegregation was 50%, which is in a range consistent with the values that while the spindles in these cells appeared normal, there were massive defects in chromosome segregation observed for ipl1-2 mutants. In total, these phenotypes are very similar to those described previously for ipl1-2 ( Figure 5A) To examine the frequency of chromosome missegre-(S20D S257D S265D) showed striking evidence of lagging chromosomes in the middle of the spindle (Figure gation in these phosphorylation site mutants directly, we used the LacI-GFP system of chromosome tagging 5A), possibly suggesting defects in the ability to generate kinetochore-microtubule attachments. (Straight et al., 1996) . While chromosome missegregation was rarely observed at the permissive temperature Finally, to further compare the phenotypes of dam1 phosphorylation site mutants with those of ipl1-2 muin dam1-11 and ipl1-2 single mutants or in spc34 (T199A) dam1 (S257A S265A S292A) double mutants, extremely tants, we examined the association of the Dam1 complex with kinetochores by chromatin immunoprecipitahigh rates of chromosome missegregation were observed in all three of these strains shortly after a shift tion (ChIP). We and others demonstrated previously that the Dam1 complex associates specifically with centroto the restrictive temperature ( Figure 5B ). In the case of spc34 (T199A) dam1 (S257A S265A S292A) double meric DNA in an Ndc10p-dependent manner (Enquist- ., 2002) . However, the specific mechanism by which Several different protein kinases have been implicated in regulating the complex series of events required to Ipl1p regulates kinetochore-microtubule attachments was unclear. Here, we identified six different kinetochore faithfully segregate chromosomes during mitosis. In budding yeast, these include Ipl1p, Mps1p, the cyclinproteins (Dam1p, Spc34p, Ask1p, Ndc80p, Ipl1p, and Sli15p; see Figure 7A ) as Ipl1p targets, and identified dependent kinase Cdc28p, and the mitotic checkpoint protein Bub1p. Phospho-regulation is therefore a key ten different Ipl1p phosphorylation sites within these proteins. While no single phosphorylation site was esmechanism for regulating mitosis. Despite this, very few functionally important targets and phosphorylation sites sential for mitosis, our functional analysis of these Ipl1p phosphorylation sites strongly suggests that Dam1p is a have been identified in components of the mitotic spindle and kinetochore. In fact, identifying the biologically key Ipl1p target in vivo. Several lines of evidence support this conclusion. First, the phenotypes of temperatureimportant targets for protein kinases is in general something that is rarely achieved. Here, we took a comprehensensitive dam1 (S20A S292A) spc34 (T199A) and dam1 (S257A S265A S292A) spc34 (T199A) phosphorylation sive molecular approach to the problem of kinetochore phospho-regulation by identifying 18 different phossite double mutants are indistinguishable from those described for ipl1 mutants in this and previous studies phorylation sites in 7 different kinetochore proteins. Our 
